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l. Introduction

QCD Phase Diagram: Phase Boundary,
Specific States, e.g., CEP, sQGP, Quakyonic,
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& Critical Endpoint (CEP) is one of the

most concerned item

The Position of CEP is a highly debated problem!

& (pP)NJL model & others give quite large p/T¢ (> 3.0)

Sasaki, et al., PRD 77, 034024 (2008); Costa, et al., PRD 77, 096001 (2008);
Fu & 1in PRD 77 014006 (20NK): Ciiminale et al PRND 77 NR4023 (70NK):

& Lattice QCD gives smaller u/Tz (0.4 ~1.1)
Fodor, et al., JHEP 4, 050 (2004); ~ Gavai, etal., PRD 71, 114014 (2005);

& RHIC Experimental observables
R.A. Lacey, et al., nucl-ex/0708.3512 == p/Tg =1 ; e

N Qétamhanaxwr at al DDT Q1 AQT1L 7¢cOQ\. DDT 1N NA292NT 7NN,

& Simple DSE Calculations with Different Effective Gluon
Propagators Generate Different Results (0.0, 1.3)

e \What can sophisticated DSE calculation produce ?
e \WWhy different models give distinct results ?




ll. Dyson-Schwinger Equation
Approach of QCD

GEEEEEe e e Seneral view of Theor. Aps.

Theory b S il bodd
The primary goal of the RHIC scientific program in A Lattice QCD:
the coming years is to progress from qualitative statements Running coupling behavior,
to rigorous quantitative conclusions. Quantitative conclu- Vacuum Structure,
sions require sophisticated modeling of relativistic heavy-ion Temperature effect,
collisions and rigorous comparison of such models with “Small chemical potential” ;
Thus, an_essential requirement for the ficld as a whole is XX

strong support for the ongoing theoretical studies of QCD & Continuum:
matter, including finite temperature and finite baryon density (]_) Phenomenological models

WQCD studies and phenomenological modeling, and (P)NJL. (p)QOMC. QMF.
an increase of funding to support new initiatives enabled (2) Field Theoretical

by experimental and theoretical breakthroughs. The success Chiral perturbation,

of this effort mandates significant additional investment in Renormalization Group,
theoretical resources in terms of focused collaborative initia- OCD sum rules.

The approach should manifest simultaneously:
(1) DCSB & its Restoration,
(2) Confinement & Deconfinement .



& The Dyson-Schwinger Equation Approach

Dyson-Schwinger Equations I

Slavnov-Taylor Identity

axial gauges BBZ

AL s k;p’q = II"(p) — II* q)

covariant gauges

AT (k,p,q) = H(K?*) |Guole,—k) II;,(0) — Guo(p,—k) IT7,(q)
C. D. Roberts, et al, PPNP 33 (1994), 477; 45-S1, 1 (2000): EPJ-ST 140(2007), 53;

R. Alkofer, et. al, Phys. Rep. 353, 281 (2001); C.S. Fischer, JPG 32(2006), R253;



& Practical Algorithm at Present Stage
® Quark equation at zero chemical potential

. N ___l ;'h!l. J .
G (p) = Za(iy - p + Mar) + 5 /q ima(p — ¢ DI (p — OmG(a)T,, (1)

where D,,*(p-q) is the effective gluon propagator,
G (p) can be conventionally decomposed as

G p) =iy - pAlp?) + B(p?), M (p )= iif) ;

® Quark equation in medium

—1 —1 ,
G (p) = G (p.wn )
A With
G [p Wy, 1) = 1A(p, Wy, 1) - p+1C(p, p)yy(w, + i) + B(p) + (‘3)



& Models of the Vertex

[(¢.p) = t"Lulq, p)
(1) Bare Vertex

[, (d,P) =7, (Rainbow-Ladder Approx.)
(2) Ball-Chiu Vertex

A(p?) + Alc p+q), . oo (Y -P+y-
L (pg) = e ; ). Vu (.;Jr_ijé {14 - A(q;")]( p; 2

—i[B(p®) — B(g*)]}
(3) Curtis-Pennington Vertex

cp, v oweep o Lo 0 P’ =) — (k+p)y (Pt a)
L, (p.g) = L) (pg)+ Z(A(p ) — Alg”)) 0.0 |
C (p* — ¢*)* + [HE )+ M?(q? )]
dip, = o
(P,q) T :

(4) BC+ACM Vertex (Chang, Liu, Roberts, PRL 106, 072001 (‘11)
L™ (pr, p)) =T (propd) + T (pgs po),



& Effective Gluon Propagators

G(k%) koko
g 2ng(k) = 4m Ep ) (0po — A_z )

(1) MN Model ¢p(p- D) = —125(p — ).

16

(2) (q*+A)" Model

(3) More Realistic model

@

.

(4) An Analytical Expression of the Realistic Maael:

Maris-Tandy Model

Gt A2 2 S A
o __Iil__.-il te - ok

1 — expl —T__.-"'[—lrr;'_‘ri—] )

?L n In [r - (1 - r‘__.-"';"'L%E,D) 1

(5) Point Interaction: (P) NJL Model




Dynamical chiral symmetry breaking (¥SB) generates
the mass of Fermion

—\4g —> XASB
(p) =~ mo [Inp/Aqon]® + C 2 np/Aaca]’

B - Dynamical Mass

In DSE approach M(p )— iif,;

(k%) (GeV?)

0.0

A il il ] il vl il Nl cid il
0

10" 107 107 10" 10° 100 10° 100 100 100 10°
2 2
P’ (GeV?) k? (GeV?)

DSE approach meets the requirements!




& Effect of the Running Coupling Strength
on the Chiral Phase Transition

(BC Vertex: L. Chang, Y.X. Liu,

wp=a’)

(W. Yuan, H. Chen, Y.X. Liu,

Bare vertex
CS phase

PR IR U I EU U NI SPUN R U S

Phys. Lett. B 637, 69 (2006))
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R.D. Roberts, et al., Phys. Rev. C 79, 035209 (2009))



& Part of the QCD Phase Diagrarm in terms of
the Current Mass and Coupling Strength

0.04 [©=0.4GeV .
/‘../’
= | -~
o 0.03 One Solution
O (ECSB)
—~ 002F " Three Solutions
\g‘ a (ECSB + DCSB)
0.01} J
S /
%
/
000 . P S B S R R SR
00 02 04 06 08 10 12 1.4
2
D [GeV’]

& T he one with multi-node solutions I1s more
complicated and more interesting.



A A comment on the DSE approach of QCD

Available online at www.sciencedirect,com
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One way of computing the properties of a quarkyonic phase 1s to use approximate solutions
of Schwinger—Dyson equations |23]. These are, almost uniquely, the one approximation scheme

which includes both confinement and chiral symmetry breaking. They do have features reminis-
‘cent of large N.: at low momentum, if chiral symmetry breaking occurs, the gluon propagator for
N =3 1s numerically close to that for Ny = 0. At present, solutions at ;& % 0 assume a Fermi
SLII‘TE[LE dominated by quarks; if quark screening is not too large at moderate ji, these models
should exhibit a quarkyonic phase.




lll. A Quantity ldentifying the CEP &
Nurnerical Results in DSE Approach

& Phase transitions result from non-perturbation
effects;
one can then not get the thermal potential of the
strongly interacting (quark, gluon) system.

& Usual way 1dentifying a phase transition that
analyzes the thermal potential gets invalid !!

a \We propose the chiral susceptibility y = %

or ¥ =% can be the signature to identify

not only the phase transition but also the
critical point (tricritical point).



+ Example 1 for the Chiral Susceptibility (¢S &
1SB phases simultaneously) to be a Signature
of the Chiral Phase Transition

Point _ oM _ _ L
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Y. Zhao, L. Chang, W. Yuan, Y.X. Liu, Eur. Phys. J. C 56, 483 (2008)



+ Example 2: The Chiral Phase Evolution is a
second order phase transition in chiral limit,
but a crossover beyond chiral limit

6Cl'l""""""""""""l'l'|""""'|I"""' i T
I 1| | B ! i
1 | 40 |
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201 '\ | 20 i i
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FIGURE 2. (color online) Calculated (with bare vertex approximation, Gaussian-like dressed gluon
propagator with & = 0.5 GeV) variation behaviors of the chiral susceptibility at and beyond the chiral
limit (with mg = 0.5 MeV(in red), 5.0 MeV(in yellow), respectively) with respect to the coupling strength
D (left panel) and those against the current-quark mass with a fixed D = 1.0 GeV? (right panel).

Y.X. Liu, S.X. Qin, L. Chang, & C.D. Roberts, AIP Conf. Proc. 1354, 91 (2011)



4+ Example 3: In Ginzberg-Landau Theory

Therrmal Potential:
QT, p1,n) =Qo (T, ) +1a(T, )n* +1 BT, 1)n*

+ 3y (T, 1)n° +--
Stable 22 H 0 corresponds symmetric phase,
Stable 22 & 0 stands for symmetry broken phase.

Second order phase transition:

a=a,(T-T), >0, y=---=0;
o°Q _ _ o°Q _ . :
on? - — aO(T TC), o 0 — ZQO(T TC) :

he (g;% < s of the two phases diverge at the
same T., but in opposite direction.



First order phase transition:
Thermal Potential:
QT , 12,17) = Qo (T, ) + 3 (T, p)17° + 5 BT, )"
+5 7 (T, )77° +---

7/>O’ ﬁ:ﬁo(ﬂ_ﬂc,z)’ O[S'f—y;

_ B —day (VP —4ar—p) .
7/ bJ

0°Q
6772

0°Q
8772

e a,
n=0

n=0

The (g;%)‘l s of the two phases diverge at

different O, , even in opposite direction.
The state at which the chiral susceptibilities

of the two phases begin to diverge at different
Q. is just the critical endpoint (tricritcal point).



> Numerlcal Results* Phase Diagram & CEP
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S.X. Qin, L. Chang, H. Chen, Y.X. Liu, C.D. Roberts, PRL 106, 172301(‘11)



¢ Unifying previous results in diff. approaches

model result

vertex|D'/?| & 1 Ac (e ds)/1Tc|pg /1Ty
BC 0.7 [0.50]|0.124|0.026|(1.13,0.89) | 1.27
BC 7 10.45(0.128(0.048((0.69,0.92) | 0.75
BC 7 10.40(0.139(0.076((0.16,0.96) | 0.17
Bare | 1.0 [0.50|0.133]0.220](0.98,0.90)| 1.08
Bare 7 10.45]0.136(0.280((0.81,0.89) | 0.91
Bare 7 10.40(0.148(0.360((0.17,0.95) | 0.18

Small o =& short range in momentum space
=» long range in coordinate space

MN model = infinite range in r-space

NJL model = “zero” range in r-space

Longer range Int. & Smaller ug/TE



IV. Summary & Remarks

a Discussed some aspects of the Early Universe
Matter Evolution in view of the QCD phase
transitions in the DS equation approach of QCD

e Dynamical Mass is Generated by DCSB;
e Phase Diagram Is given;
e CEP Is fixed & the different results are unified;

& Far from Well Established !
& Observables ?!

& Mechanism ?! Process ?!
00000



& The location of the CEP depends on the
flavor mixing interaction strength and the

current quark mass

(W.J. Fu, Z. Zhao, Y.X. Liu, Phys. Rev. D 77, 014006 (2008)

((2+1) flavor pNJL model);
more simple case: 2-flavor, Z. Zhang, Y.X. Liu, Phys. Rev. C 75, 064910 (2007) )
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# Density & Temperature Dependence of some
Properties of Nucleon in DSE Soliton Model

B/B, RIR; | YWIVAR(Y. X. Liu, et al.,
| | . NP A 695,

353 (2001);
NPA 725,

127 (2003);
NPA 750,

1.2 7 - .
1 6 1
o o8 St 1
[8) e 4+ ]
Q o6l £
= x % '
mo 04+ 2_ J i
0.2r 1L 1
% 0.05 01 043 045 % 005 01 0413 015 0.05 01 013 015
T [GeV] T [GeV] T [GeV]

(Y. Mo, S.X. Qin, and Y.X. Liu, Phys. Rev. C 82, 025206 (2010) )



( Wei-jie Fu, and Yu-xin Liu, Phys. Rev. D 79, 074011 (2009) )
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& Fluctuation & Correlation of Conserved Charges
In the model with contact mteractlon

o8— 0.5
2 L

0.6}

E}C}' i~ 0.4 I~

0.2

0.0

06}

v
U D | .
oW N = O = N O
———T—1T—T—7—T—T7—

4 08 12 18 2 : : 1.2
T/T. T/T.

(W.J. Fu, Y.X. Liu, & Y.L. Wu, Phys. Rev. D 79, 014028 (2010))




¢ Distinguishing Strange Quark Matter

fromm Hadron Matter in Compact Stars
Neutron Star: RMF, Quark Star: Bag Model

rrequency of g-mode oscillation

Radial or

of g-moc

n=1

80

60 -

1+ Quark Star
[=2 ' B -
n=1 1 =200t =300
'- 780 | 63.1
M 1455 | 40.0
0 20 40 60 80 100 120 140 30 & | 978

m, (MeV)

W.J. Fu, H. Q. Wei, and Y.X. Liu, arXiv: 0810.1084,
Phys. Rev. Lett. 101, 181102 (2008)



Taking into account the IhSB effect

Newly obtained results for QS in NJL Model

Radial order

Neutron Star

Strange Quark Star

of g-mode |[t=100{t=200|t=300[t =100t =200|7t=300
n=1 717.6 | 774.6 | 780.3 | 100.2 | 115.4 | 1074
n=>2 443.5 | 467.3 | 464.2 | 60.1 | 57.0 | 51.8
n=23 323.8 | 339.0 | 337.5 | 429 | 40.9 | 40.2




Ott et al. have found P
that these g-mode
pulsation of supernova i
cores are very efficient

as sources of g-waves
(PRL 96, 201102 (2006) )

— 25SWW
— SHIWW E
— ml5h6
— LIGO I E
ced LIGO

b W ”M"JW i]
NWN MW

l

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

DS Cheng’ R' Ouyed’ FIG. 4 (color). Characteristic strain spectra contrasted with

T. FiSCher, ..... mnitial and advanced LIGO (optimal) rms noise curves.

The g-mode pulsation frequency can be a signal
to identify the deconfinement phase transition in
compact stars.

Thanks



» Analytic Continuation frorm Euclidean Space
to Minkowskian Space

e® 0 0 0

guvle) =

o O O

1 0 0
0 1 0] g=
0 0 1

0
I ! :
L e e e S S
e e i e e A,
. %~ =—====SSsa
" o
5 S IR
- [/ [ l:l AR SRR \
Y— i.. :
S (i e
i N
%) HiiEngg%ssss A
c 2 ([T A e W] 2
TLITTLSSsSsees |1 W SELdrae QT
e IR gt sggznitmm il
g LR ottty ity
= R ol
S N Sl
: W N % Y/
3n/4 ,, o

p [GBVZ] 0951 g -0.95n

(W. Yuan, S.X. Qin, H. Chen, & YXL, PRD 81, 114022 (2010))



& Special topic (2): Coexistence region
(Quar-kyonic ? )
s Lattice QCD Calculation

de Forcrand, et al.,
Nucl. Phys. B Proc. Suppl. 153, 62 (2006); --- connes | auargri

and Generaal (large-N¢) Analysis

McLerran, et al., NPA 796, 83 (‘07); - \
NPA 808, 117 (‘08);
NPA 824, 86 (‘09), -- "‘

claim that there exists a quarkyonic phase

& Inconsistent with Coleman-Witten Theorem !!

& Can sophisticated continuous field approach of QCD
give the coexistence (quarkyonic) phase ?

& \What can we know more for the coexistence phase?



& Special Topic (3): Quark Matter at T
above but near T

® HTL Cal. (pisarski, PRL 63, 1129(°89); Blaizot, PTP S168, 330(°07)),
Lattice QCD (Karsch, et al., NPA 830, 223 (‘09); PRD 80, 056001 (*09))
NJL (Wambach, et al., PRD 81, 094022(2010))
& Simple DSE Cal. (Fischer et al., EPJC 70, 1037 (2010) ) show:
there exists thermal & Plasmino excitations in hot QM.

e Other Lattice QCD Simulations
(Hamada, et al., Phys. Rev. D 81, 094506 (2010)) claims:
No qualitative difference between the quark propagators
In the deconfined and confined phases near the T..
e RHIC experiments (Gyulassy, et al., NPA 750, 30 (2005); Shuryak,
PPNP 62, 48 (2009); Song, et al., JPG 36, 064033 (2009); ... ... ) Indicate:
the matter is in SQGP state.
& \What iIs the nature of the matter in DSE?




¢ Property of the matter above but
near the T,
Solving quark's DSE = Quark's Propagator

In M-Space, only Yuan, Liu, etc, PRD 81, 114022 (2010)
Usually in E-Space, Analytical continuation is required.

Maximum Entropy

1.0 1
Method |
(Asakawa, et al., o v
PPNP 46,459 (2001); g o
Nickel, Ann. Phys. 322, 3 04} [ Al 1.0
C- 1.5
1949 (2007)) 024 / 20
0.0 / 25 K
> Spectral

-0.4 0.0

F . © [Ge-\/] 04 s
unction Qin, et al., PRD 84, 014017(2011)



Disperse Relation and Momentum Dependence of
the Residues of the Quasi-particles’ poles

S T Normal 10— == 1.5 17 :
[ Feasas wr R [ ’,f’ 7 s L
4+ — wi T M/O,dg 0.8 /’ m ___.—"’,/,f‘
~ = S -/ 15~ 1ok a1
= 3+ /5 4~ 06H e P i Q 06
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E |/ =4 =i E :
e 2 N L Qos FORTOS
3 1 é:h“ ”/,I_ 0-2 | \\\\ _ 3 : :z+
< Plasmino M. i SN — w|
0k | [ 0 | L T 0 | __ 0
0 1 2 3 4 0 1 2 3 4 0 2 4 6
p/T p/T p/T

& The zero mode exists at low momentum (<7.0T¢),

and is long-range correlation (A ~ o1 >Agp) .
& The quark at the T where S Is restored involves

still rich phases. And the matter is SQGP.
S.X. Qin, L. Chang, Y.X. Liu, C.D. Roberts, PRD 84, 014017(*11)



& Effect of the Chemical Potential on the
Chiral Phase Transition

Chiral channel:
(L. Chang, H. Chen, B. Wang, W. Yuan, and Y.X. Liu, Phys. Lett. B 644, 315 (2007) )

2 - L

X
(k2 4+ Bp?)?2+ A7

D', (k) = t,,4m%d

F, (=0

<E|q>LL /<E|q>u

B d?TXQ P—T\/\/_-SQF‘LL;A-FB;AZ

\/ VAT A — B2
rvVA 2

Vi(r) = |

sin[r

2 B 03
u[Gev]

( W. Yuan, H. Chen, Y.X. Liu, Phys. Lett. B 637, 69 (2006) )

“] Chiral Susceptibilty ~ 50mMe Refs. of DSE study on CSC
] ?rf \[’)VsigE”er‘Vf"C“”m 1. D. Nickel, et al., PRD 73, 114028 (2006);
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2. D. Nickel, et al., PRD 74, 114015 (2006);
3. F. Marhauser, et al., PRD 75, 054022 (2007);
4, 5. D. Nickel, et al., PRD 77, 114010 (2008);

0o 0.1 82 03 04% 05 Bkl SaA N NIy
n[GaV]

F,{p*=0)

0.5+

0.0+

05




Hadron Structure
Meson Bethe-Salpeter Eqn

#» Quantum field theory bound states: BSE

A
Ly(p: P) = / K(p,k; P) S(ky)Dp(k; P)S(k-)
ke

i 1
# Light quark propagator i1 pA(p2)+B(p?)

1
#® Heavy quark propagator oy

® Fit M°°™ to lightest ps meson



Some Numerical Results

DSE and Lattice results for Ny and M, Pion electromagnetic form factor

X I } S C
[ — Our prediction
B [ -— VMD p pole
1.6 N + CERN '80s
L r + JLab, 2001
1.4+ L JLab at 12 Gev
> 0 r — pert.@CD
3 — I : A JLab, 2006b
~ 12 s phen. upd:l Maris-Tandy. N =4, PRCG0. 055214 (1999) r & JLab, 2006a
g s N=2. CP-Pacs: PRD6S, 054505 (2002), PRD70, 074503 (2004) C .
= « N=0.JLQCD: PRD68. 054502 (2003) C ]
1 « N=2.JLQCD: PRD6S, 054502 (2003) 3
N=0. phen. model ]
08 - N=3. phen. model ]
: ——- N=0. coupled ghost-gluon DSEs input for quark DSE
—— N=3. coupled quark-gluon-ghost DSEs
0'6 i | i | . 1 = L | L 1 : I re |
0 02 04 I\‘}O G ,VQjS 1 1.2 PM and Tandy, PRC62,055204 (2000) [nucl-th/0005015]
Ps = 2006a: V. Tadevosyan et al, [nucl-ex/0607007], 2006b: T. Hom et a/, [nucl-ex/0607005]
Summary of light meson results ; A MEEAAY
L= . . . Vector mesons (PM, Tandy, PRCE0, 055214) H !
Poea = 5.5 MV, m, = 1S MEV at = 1 GeV — Axial anomaly and ) — ) states
- B My 0770 GeV 0742
seudoscalar (PM, Roberts, PR il
Jojm 0216 GeV 0207
g 0.892 GeV D936 P )
-q@)° | 0236 cevy . - » Chsymm: ()p(z}-: A2) g(2)@ly)) involves 2 trg (F*) Qs (2)g(x)q(y))
> e fiee 0.225GeY 0241
'Tn o1ees je: my 1020GevV 1072 . . f — f2
fr 0.69%4 Gev 0053 5 0236 GeV 0258 ® Matrix elements, amputated = AV-WTI Kam S —-ﬁ/:, s
_r‘;:,; 0.496 GeV 0.497 Strong decay (Jarecke, PM, Tandy, PRC67, 035202) 5 —— A
fi 0.113 GeV 0.109 -
- - soz e P.T2,(k; P) = —2i M®PTE (k; P) 60 o Ca(k; P) i S,
Charge radii  (PM, Tandy, PRCG2, 055204) Syx 464 43 M 5;_:( H — [ 5 [l a0 L ALK ) e
A 044 045 - 4.60 44 +5 7 (ky) iys P + i FS™(k_) R 3"' _
2., 0.34 fm? 0.38 - - : - gy, Y
Ra ecay (PM, nucl-th/0112022) TP
Txo 004t 0086 Somr/ o 074 069 #® Residues at PS poles = PS mass formula for arbitrary m,,, any tlavor:
ymytransition (PM, Tandy, PRCES, 045211) Zamy/ Mo 231 207 -
Emry 0.50 0.50 (grery/mg)* | 0.83 0.99 a9 AqaB B v 00 07
1 1 (geery/ME) — QI MBpB 4 50y ny, = 2 tre(FY) (0 )
Ty 0.42 fm* 0.41 (gr=py/mz)® | 128 119 1 ' ’ P fl. |QT |j
Weak Kjs decay (PM, Ji, PRDB4, 014032 Scattering length ~ (PM, Cotanch, PRDE6, 116010)
hy(e3) | 0.028 0.027 2 0220 0470 ipp(p) = Zatr f Foysxplq: P) ., p=anyPS state
[(Ka) | 76.10°s70 738 a 0.044 0.045
T(Ks3) | 52109570 490 1 0.038 0036 ; . ariy
a 0. 036 ——[Bhagwat, Chang, Liu, Roberts, PCT, PRC (7€), 2007; arXiv:0708.1118]




& Effect of the F.-S.-B. (m;) on Meson’s Mass

Solving the 4-dimenssional covariant B-S equation with the
DS equation and flavor symmetry breaking, we obtain

Expt. (GeV) Calc. (GeV) Th/ Expt. (GeV) Cale. (GeV) Th/Ex-1 (%)
“po7 0.775 5 0.7704 T 0.13498 0.13460 -0.3
p 0.7755 0.7755 = | 0.13057 0.13499 -3.3
“w” 0.7827 0.7806 K*| 0.49368 0.41703 -15.5
K**|  0.8917 0.8915 K% 0.49765 0.42662 -14.3
K*Y 0.8960 0.8969 n 0.54751 0.45499 -16.9
b 1.0195 1.0195 n' 0.95778 0.91960 4.0
D*° 2.0067 1.8321 DY 1.8645 1.6195 -13.1
D*=|  2.0100 1.8387 D+ 1.8693 1.6270 -13.0
D= 2.1120 1.9871 DF|  1.9682 1.7938 -8.9
J /1 3.0969 3.0969 e 2.0804 3.0171 1.2
B** 4.8543 B* 5.2790 47747 9.6
B*0 4.8613 B’ 5.2794 1.7819 94
B0 5.0101 B! 5.3675 4.9430 -7.9
B 6.2047 BX| 6.286 6.1505 -2.2
T 9.4603 9.4603 o 9.300 9.4438 1.5

(L. Chang, Y. X. Liu, C. D. Roberts, et al.,

Phys. Rev. C 76, 045203 (2007) )



DSE Soliton Description of Nucleon
Maris-Tandy 42 5! B B F 11T

am3d ., 82, T 1—91{13":—_{54 )
¢*D(q) = —5—¢?e 7/ + — T
In[r + (1 + )7 q
Apep

2T\ 2F| 3T| 3F| 4T| 4F

w (GeV) 0.401 0.450 047
. d(GeV?) 0.930 0.830 0,790

= 2 e (MeV) | 1071 162] 189] 237] 2707 300
E,MeV) | 109 123| 126| 106| 93| 15
Ei.(MeV) | 766| 608| 527| 355| 224| 18
Eii (MeV) | 1196 | 12171220 ] 1172 ] 1127 | 933
M,..(MeV) | 1060 | 1094 | 1084 | 1044 | 996 | 890
o M., (MeV)| 956| 909| 892| 814 761| 618
> R.(fm) |067] 071079 093 1.15|2.74
R.o(fm) | 0.60| 0.61] 0.68] 0.77] 0.95|2.22

Collective Quantization: Nucl. Phys. A790, 593 (2007).



Compositions and Phase Structure of

Compact Stars and their Identification
Radio Pulses ==» “Neutron” Stars

A NEUTRON STAR: SURFACE and INTERIOR

. Composition &
- Structure of
NS are Still
Under Study !

INNER CORE

Polar cap

J. M. Lattimer, et al.
Science 304, 536 (2004)

Fig. 3. The major regions and possible composition inside a normal-
matter neutron star. The top bar illustrates expected geometric transi-



Conjecture of the Composition of Compact Stars

quark—hybrid traditional neutron star

star

( F.Weber, PPNP 54, 193 (2005) )

hyperon

star (S neutron star with

”7(,,6' ‘ pion condensate

, I<-| Fe
color—superconducting |- 6
strange q%ark matter 9 10 g/cma
(u,d,s quarks) 11 :
10 g/cm
25C  cp
CSL _K* 10'% giem®
CFL-K
gCFL  p) kO
LOFF 3 Hydrogen/He
CFL‘HO R at)r(nosghere

strange star
nucleon star

R~ 10 km

Fig. 1. Competing structures and novel phases of subatomic matter predicted by theory to make their appearance
in the cores (R < 8 km) of neutron stars [1].



